Analysis of the gene action exhibited by an agronomic trait in crop plants is useful in the planning of an effective plant breeding program. This study sought to establish the inheritance variance of root yield components and beta carotene content present in sweet potato clones commonly grown in Kenya. Ten contrasting parents were selected based on their beta carotene content, dry matter content and yield potential. They were planted in pots in the green house at KEPHIS-Muguga, Kenya, where they were grafted into Ipomoea setosa to boost their ability to flower. Five parents were further selected based on their ability to flower under local environmental conditions and crossed in a 5 × 5 half diallel manner. Five parents and ten F 1 clones arising from this hybridization were evaluated at KALRO-Kiboko, Kenya during two rainy seasons. The field trials were laid out in a randomized complete block design of three replications. The data were scored for root yield characteristics, beta carotene and root dry matter content. Griffing Method II, Model 1 diallel was used to estimate the general and specific combining ability. Genetic variability for beta carotene and root dry matter content indicated that the two traits were controlled mostly by both additive and dominant gene actions. Heterosis gene effects were found for beta carotene and root dry matter content which would be useful in the improvement of sweet potato productivity.
Introduction
Vitamin A deficiency (VAD) is a chronic and widespread public health problem affecting mainly women and children aged under five years in Kenya (Low et al., 1997 (Low et al., , 2017 . Vitamin A plays an important role in immune system functions and in the survival, growth and development of children, adolescent girls and women of reproductive age (Stathers et al., 2013 (Stathers et al., , 2015 . Vitamin A deficiency can be alleviated in several ways including dietary diversification, fortification, supplementation and bio-fortification (Low et al., 2009; WHO, 2009; Harvest Plus, 2012) . Among these different ways, bio-fortification which is the genetic enhancement of the edible part of the plant with micronutrient content is the most cost effective and the safest. Bio-fortification can also be achieved through breeding by selection of farmer and consumer preferred traits in genotypes with adequate amount of micronutrient (Low et al., 2001; Harvest Plus, 2012) .
Orange fleshed sweet potatoes (OFSP) provide vitamin A rich food which can assist in combating the deficiency amongst poor people in Kenya. Several approaches have been used made to make available orange fleshed sweet potatoes, including introduction of new genotypes and breeding sweet potato for high beta carotene content. The latter can be achieved by making crosses between high beta carotene content genotypes and low or no beta carotene content clones (Stathers et al., 2015) . Several mating designs such as the diallel mating designs have been formulated to maximize genetic gains in such crosses. According to Hyaman (1954) and Griffing (1956) , the diallel mating design is the most balanced and systematic experimental design to examine continuous variation because it generates genetic information related to parental populations and estimates genetic variances in terms of general combining ability (GCA) and specific combining ability (SCA). This study utilized this method to elucidate the inheritance of beta carotene and dry matter content in sweet potato F 1 's progenies.
Materials and Methods

Parental Lines and Crosses
Parental clones were selected based on their potential beta carotene content, root dry matter and root yield. They were planted in pots in International Potato Center (CIP) green house at KEPHIS-Muguga (1°13′S; 36°38′E and 2096 m asl) where they were grafted into Ipomoea setosa to boost their flowering ability.
Hand pollinations were carried out in a 5 × 5 half diallel mating design between May and November 2016. After emasculations, buds to be used in pollination and as pollen sources were prevented from opening the next morning to avoid all contaminations. The next morning, pollinations were made as soon as anthers begin dehiscing, about 06h00 to 09h00. The anthers were removed from the protected flowers with tweezers and the pollen applied to the stigma of the desired female parent. Three to seven days after pollination, the crossed females were inspected and those that had been successfully pollinated as evidenced by swollen ovaries were counted and recorded. Table 1 shows the crosses made and their successful rate. The seeds obtained were germinated in jiffy pots after sand paper scarification and transplanted into nursery pots in the green house. Vine cuttings from each genotype were sown in the field after four months in the seedling nursery for rapid multiplication. Table 2 shows the characteristics of the five sweet potato parental clones. Note. Yields based on data from the field trial evaluation at Kabete and KALRO-Kiboko across two seasons.
Experimental Design
Ten families comprising of 180 F 1 progenies were raised in a seedling nursery at KEPHIS-Muguga. Thirty cuttings from each family were evaluated alongside their parents (thirty cuttings per parental clone) at KALRO-Kiboko located in Makueni county in Eastern Kenya during two seasons using randomized complete block design (RCBD) laid out in three replications. All clones were planted in a double row on ridges of 1.5 m long for five plants per genotype per row at spacing of 30 cm within the row and 90 cm between rows.
Data Collection
Fleshed and skin color characteristics and their corresponding amount of beta carotene and vitamin A were recorded after harvest. For beta carotene the color chart was used for selection (Burgos et al., 2009) . All the quantitative data were scored on individual plant basis and averaged across the thirteen genotypes for each family. The quantitative traits were recorded as follows: total number of storage roots per plant (NSR) was determined by counting five tagged plants on each plot roots. Fresh root yield (FRY) was measured in kilograms as the combined harvested root on each plot using a balancing scale and the recorded weight per plot unit was extrapolated to tonnes per hectare (t/ha). Fresh biomass weight (FBW) was measured in kilograms as the harvested root together with fresh cut vines per plot and was extrapolated to tonnes per hectare (t/ha). Harvest index (HI) was estimated as the ratio of the fresh root yield and fresh biomass weight and expressed in percentage. Root dry matter content (RDMC) was determined as the percent of the ratio of root dry weight over fresh root weight. Beta carotene content (BCC) was estimated using the method described by Burgos et al. (2014) in mg per 100 gm of fresh weight.
Data Analysis
Analysis of variance for number of storage roots, fresh root yield, fresh biomass weight, harvest index, beta carotene and root dry matter content was calculated using GENSTAT 15 th edition software. Comparison of means was done using the Fisher's protected least significant differences (LSD) test at 5% significance level.
Griffing Method II, Model 1 was used to estimate combining ability as performed by SAS software by Sharma (2006) equation:
Where, y ij is the mean phenotypic value, μ is the general mean, g i and g j are GCA effects of i th and j th parents respectively and s ij is SCA effects of cross i × j.
GCA and SCA effects for individual lines were calculated using the following formulas of Sharma (2006); Chukwu et al. (2016) and Fasahat et al. (2016) , which are: Where, g i and s ij are general and specific combining ability respectively, P = number of parents, x i. , x ij and X. are marginal mean for the i th parent, marginal mean for the cross of i th and j th parents and grand mean.
The relative importance of GCA and SCA were estimated using the general predicted ratio (GPR) for the traits observed (Baker, 1978) . A relatively larger GCA/SCA variance ratio demonstrated the importance of additive genetic effects whereas a lower ratio indicated the predominance of dominance gene effects (Christie & Shathick, 1992) . According to Baker (1978) , the GCA/SCA ratio is equal to:
Where, MS GCA is Main Square of general combining ability (GCA) and MS SCA is Main Square of specific combining ability (SCA).
Heritability in the broad sense from the diallel mating design was estimated using the general and specific combining ability variances. The following formulas give the estimated broad sense heritability (Harriman & Nwammadu, 2016) .
Where, V P is the phenotypic variance, V GCA and V SCA are general and specific combining ability variance respectively and H 2 is broad sense heritability.
Mid parent (MPH) and better parent heterosis (BPH) were estimated for fresh root yield (FRY), beta carotene content (BCC) and root dry matter content (DMC) using Falconer and Mackay (1996) formulae:
Where, F 1 is mean of F 1 hybrids, MP is mean of the two parents involved in the cross and BP is the mean of the better parent in the cross.
Results
Skin and Flesh Color of Parental Clones and Their Crosses
More than 30% of the clones studied were red in color. (Table  3) . Note. 1) BCC = beta carotene content; 2) Vit. A = vitamin A; and, 3) RE = retinol equivalents.
Field Trail
There were highly significant differences among the genotypes at p < 0.001 for all the traits studied except for number of storage root (NSR) and fresh root yield (FRY) indicating that there were genetic variations among genotypes tested for fresh root yield and beta carotene content. Seasons showed highly significant differences except for beta carotene content and dry matter content indicating that these two later traits are less likely to be influenced by environmental effects. Genotypes × season interaction variances were not significantly different for all the traits under consideration (p > 0.05) but the genotypes differed significantly amongst each other, meaning that selection for those traits could be carried out at an early stage of the F 1 progenies. The GCA and SCA mean squares for all the traits studied were not significantly different for all traits (p > 0.05) except for beta carotene and dry matter content at p < 0.001. The GCA × Seasons interaction effect was significant for all the traits except for fresh biomass weight. SCA × season interaction, showed significant differences for all the traits except for number of storage roots and harvest index. The Becker ratios were more than 0.50 for all the traits indicating that the expression of those traits was mainly affected by additive gene action (Table 4) . Note.
ns , *, ** and *** = no, significant, high significant and very high significant difference respectively; d.f. = degree of freedom; GCA and SCA = General and Specific combining ability respectively; NSR = Number of storage root; Y = Fresh root yield; WB = fresh biomass weight; HI = Harvest index, BCC = Beta carotene content and DMC = Dry matter content.
Phenotype Performance of Parental Clones and Their Crosses
Clones, Tio-Joe, Lourdes and Kakamega yielded the highest number of storage roots of 4.5, 4.0 and 3.8, respectively. Progenies from crosses , TJ × LD, TJ × DLV and KK × DLV provided the highest number of storage roots of 4.0, 3.6 and 3.4, respectively, across the two seasons. Clone, Tio-Joe had the highest fresh root yield of 33.34 t/ha followed by Ininda and Delvia with 27.83 t/ha and 27.49 t/ha respectively. The progenies of IND × LD, TJ × LD and TJ × KK provided the highest mean fresh root yield of 40.19 t/ha, 37.70 t/ha and 34.23 t/ha respectively but genotypes from the cross, IND × DLV (23.73 t/ha) had the lowest fresh root yield. Clone, Tio-Joe had the highest fresh biomass weight of 49.90 t/ha followed by clones, Lourdes and Delvia which provided a fresh biomass weight mean of 47.38 t/ha and 45.84 t/ha , across seasons. The highest fresh biomass weight was recorded for the crosses IND × LD, KK × IND and DLV × LD with means of 74.97 t/ha, 60.95 t/ha and 54.89 t/ha, respectively (Table 5) . Clones, Tio-Joe and Ininda had higher mean harvest index of 69.87% and 62.70%, respectively. The F 1 progenies of TJ × KK, TJ × DLV and TJ × IND had the highest harvest index of 75.17%, 65.51% and 62.52%, respectively.
Clone, Tio-Joe had the highest beta carotene content of 10.210 mg/100 g followed by clones, Ininda and Lourdes which provided 5.904 mg/100 g and 5.394 mg/100 g respectively. Clone, Kakamega had the lowest beta carotene concentration of 3.163 mg/100 g. Progenies of DLV × LD, TJ × LD and TJ × IND yielded the highest beta carotene contents of 12.049 mg/100 g, 11.030 mg/100 g and 7.174 mg/100 g respectively but crosses from IND × LD, KK × IND and KK × DLV had the lowest beta carotene contents of 0.117 mg/100 g, 0.048 mg/100 g and 0.030 mg/100 g respectively (Table 5) . Clone, Delvia yielded the highest dry matter content of 29.34% whereas clone, Lourdes provided the lowest dry matter content of 21.69. The progenies of IND × LD and IND × DLV had the highest dry matter content of 29.38 and 28.83%; however the cross of DLV × LD yielded the lowest dry matter content of 15.53% ( Note. L.S.D. = Least significant difference; C.V. = Coefficient of variation; NMR = number of marketable roots per plant; NUR = number of unmarketable roots per plant; NSR = number of storage roots per plant, FRY = fresh root yield (t/ha) and WB = fresh biomass weight (t/ha), BCC = beta carotene content and DMC = dry matter content.
General Combining Ability Effects
The GCA effects of most parental clones were positive and significant at p < 0.05. Clones, Tio-Joe and Lourdes had positive and negative significant GCA effect for harvest index (HI) respectively (Table 6 ).
GCA effects of Tio-Joe and Lourdes were positive and highly significant (p < 0.001) for beta carotene content whereas these effects were negative for clones, Kakamega, Ininda and Delvia. Positive and highly significant GCA effects for root dry matter were observed for genotypes, Kakamega, Ininda and Delvia for dry matter content (Table 6 ). ns , *, ** and *** = no, significant, high significant and very high significant difference respectively; NSR = Number of storage root; FRY = Fresh root yield; WB = fresh biomass weight; HI = Harvest index, BCC = Beta carotene content and DMC = Dry matter content.
Specific Combining Ability Effects
Only progenies from the cross IND × LD had significant and high positive SCA effects for fresh root yield, vine weight and biomass weight respectively (Table 7) . Progenies from TJ × KK cross had also significant and high positive SCA effect for harvest index. Highly significant SCA effects were observed for beta carotene and dry matter content for all progenies. The highest positive SCA effects were found in progenies from DLV × LD and jas.ccsenet.org Journal of Agricultural Science Vol. 10, No. 2; 2018 IND × LD crosses which had 6.87 mg/100 gm and 8.43 mg/100 gm for beta carotene and dry matter content respectively (Table 7) . ns , *, ** and *** = no, significant, high significant and very high significant difference respectively; d.f. = degree of freedom; GCA and SCA = General and Specific combining ability respectively; NSR = Number of storage root; FRY = Fresh root yield; WB = fresh biomass weight; HI = Harvest index, BCC = Beta carotene content and DMC = Dry matter content.
Heterosis Effects
Heterosis was estimated for the ten crosses made. Most of mid and better-parent heterosis values were positive for fresh root yield but were negative for the other traits (Table 8 ). The highest mid and better parent heterosis values were observed in F 1 progenies of TJ × KK (64.25 and 2.67%), IND × LD (58.67 and 44.41%) and TJ × LD (48.84 and 13.08%) for fresh root yield (Table 8) . F 1 progenies from DLV × LD and TJ × LD crosses provided the highest beta carotene content mid-parent and better-parent heterosis of 123.38% and 123.39%, and 104.49% and 8.03%, respectively but were lowest from KK × DLV cross. The highest dry matter content mid-parent and better-parent heterosis were observed in progenies from the cross, IND × LD (35.45 and 18.66%) ( Table 8 ). Note. FRY = Fresh root yield; BCC = Beta carotene content and DMC = Dry matter content.
Heritability
Beta carotene and dry matter contents exhibited high broad sense heritability values of 99.96 and 98.66% respectively while harvest index (47.46%), number of marketable roots (41.86%), fresh root yield (39.90%) and biomass weight (37.88%) had the broad sense heritability less than 50% (Table 9) . Note. GCA and SCA = General and Specific combining ability respectively; NSR = Number of storage root; FRY = Fresh root yield; WB = fresh biomass weight; HI = Harvest index, BCC = Beta carotene content and DMC = Dry matter content. Table 10 presents Pearson correlation coefficients between all the traits. There was a positive and highly significant correlation between fresh root yield and biomass weight (r = 0.810) but dry matter content and beta carotene content were negatively significantly correlated (r = -0.622). Beta carotene content from laboratory analysis (BCC) and from color chart (CC) were positive and highly correlated with vitamin A content at r = 0.788 and r = 1.000 respectively. ns , *, ** and *** = no, significant, high and very high significant correlation respectively; NSR = Number of storage roots FRY = fresh root yield; WB = biomass weight; HI = Harvest index, BCC = Beta carotene content, CC = Color chart beta carotene content, Vit. A = vitamin A and DMC = Dry matter content.
Phenotypic Correlation between Traits Studied
Discussion
Field Trail
The results in this study revealed that there were highly significant differences among the genotypes for fresh root yield and beta carotene content indicating that there were genetic variations among genotypes tested .The results also showed that there were significant differences between seasons for number of storage roots, fresh root yield, biomass weight and harvest index. This might imply that the genotypes were not stable across the two seasons probably due to different irrigation levels applied and other environmental conditions. On the contrary, the genotypes showed no significant differences for beta carotene and dry matter content between the two seasons. This may be attributed more to higher genetic variance and less g × e effects for these traits (Woolfe, 1992) . This observation is strengthened by the fact that the GCA and SCA for beta carotene and dry matter contents also were highly significant but these effects were not significant for all the other root yield and yield components (Table 4) . This indicated the both additive and dominance gene actions were important in the expression of beta carotene and dry matter content characteristics but less so for all the other traits. These results found in are in agreement with those of Chiona (2009) and Balcha (2015) who also observed significant differences in GCA and SCA for beta carotene and dry matter.
The high ratio of GCA and SCA (Baker ratios) of 0.60 suggest that additive gene action played a dominant role in the expression of the traits under investigation. This implies that the GCA estimates are more reliable and could be used in the prediction of progeny performance of the target traits.
General and Specific Combining Ability Effects
The GCA and SCA effects were not significant for all the yield and yield parameters (Tables 6 and 7) which implies that these traits did not show significant additive and dominance genetic variances. This result is in contrast with that of Chiona (2009) and Balcha (2015) who found significant GCA and SCA effects for the yield and yield parameters in Malawi and Ethiopia. The reason for this discrepancy can be explained by the fact that the parental lines used were selected solely based on beta carotene and dry matter content but not on other agronomic characteristics. Furthermore, both parental clones and the F 1 progenies in this study were harvested before the physiological maturity which could have had an effect on yield and yield parameters.
The general combining ability effects for beta carotene and dry matter contents were highly significant for all the parents thereby indicating the predominance of additive gene effects in the expression of these characters (Table  6) . Kivuva et al. (2015) , Balcha (2015) , and Rukundo et al. (2017) reported that the positive and significant GCA effects in agronomic traits indicate the presence of additive gene action and parents with these genetic characters could be considered as good combiners in a hybridization program. In this study, clone Tio-Joe had positive and significant GCA effects for number of storage roots, harvest index and beta carotene content, while clone Ininda had positive GCA effect for fresh root yield and dry matter content only (Table 6 ). Both clones could be useful in breeding programs that aim to improve these traits. All the F 1 progenies had significant SCA effects for beta carotene and dry matter content ( Table 7 ) again confirming that both additive and non additive gene effects play an important role in the determination of the expression of these traits.
Heterosis Effects
Heterosis was detected in most of the crosses for fresh root yield, beta carotene and dry matter content (Table 8) . Most of the mid and better-parent heterosis were positive, showing that there was a possibility of selecting progenies that out performed than their parents for fresh root yield. Accordingly, F 1 progenies from, TJ × KK, TJ × LD and IND × LD, had higher fresh root yield than their parents. Progenies from the crosses, DLV × LD and TJ × LD had positive mid and better-parent heterosis for beta carotene content whereas, F 1 progenies from the crosses, IND × LD and TJ × IND, had positive mid and better-parent heterosis for root dry matter content. This indicated the highest performance of those crosses compared to their best performing parental clones. According to Mwanga et al. (2002) F 1 progenies that had positive mid and better-parent heterosis outperformed their best parents for agronomic and nutrient parameters whereas progenies with negative mid and better-parent heterosis were considered good for resistance to diseases.
Heritability
Beta carotene and dry matter content also gave high broad-sense heritability values than yield and yield components again indicating the predominance of gene action in beta carotene and dry matter content (Table 9) . These results are also in conformity with those of Cervantes-Flore (2006), Courtney et al. (2008) , and Baafi et al. (2016) but are validated with those of Cervantes-Flores (2006) that showed that high narrow sense heritability and additive gene action in root dry matter content may result in rapid improvement of this trait.
Phenotypic Correlation between the Traits Studied
In this study beta carotene content and root dry matter content were negatively correlated. This negative correlation may be associated with the fact that both, beta carotene and root dry matter contents are synthesized inside plastids, chromoplast and amyloplast, respectively. Therefore it is possible that chromoplast and amyloplast may be competing for the same organelles as reported by Cervantes-Flores et al. (2011) . In addition, beta carotene content was negatively correlated with fresh root yield (Table 10) indicating that selection of genotypes for high beta carotene content would result in lower fresh root yield because of their negative association between them. The results were in accordance with those found by Tumwegamire et al. (2011) . The estimations of beta carotene content through the color chart was significant and positively correlated with those from the laboratory analysis (r = 0.788) indicating that the color chart can be useful for sweet potato beta carotene content estimation.
Conclusion
In the sweet potato clones evaluated here, root yield and yield components were mostly influenced by environmental conditions, but beta carotene and dry matter content were under the expression of both the additive and non additive gene effects. The additive GCA effects in F1 progenies were reliably estimated by the Baker's ratio for all the traits. Clone Ininda had the highest GCA effects for fresh root yield and dry matter content, whereas clone, Tio-Joe had the highest GCA effects for beta carotene content. Clone, Lourdes was the best male parent for most of the traits studied. Crosses, IND × LD, KK × IND, TJ × KK, TJ × IND, KK × DLV and DLV × LD had the highest SGA effects for fresh root yield whereas crosses derived from the clones Tio-Joe and Lourdes were the best performing for beta carotene content . For dry matter SGA effects were highest for F 1 progenies of, KK × DLV, KK × LD, IND × DLV, IND × LD and DLV × LD. The positive mid and better-parent heterosis values indicated that for clonally propagated crops such as sweet potato, the F 1 progenies can be selected, evaluated and released as a variety. Therefore sweet potato breeding might take the advantage of GCA effects generated during polycross mating and then proceed to exploit the SCA effects in F 1 progeny selection.
